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Although carbonyl oxides, "Criegee intermediates," have long been implicated in tropospheric oxidation, there have been few direct measurements of their kinetics, and only for the simplest compound in the class, CH 2 OO. Here, we report production and reaction kinetics of the next larger Criegee intermediate, CH 3 CHOO. Moreover, we independently probed the two distinct CH 3 CHOO conformers, syn-and anti-, both of which react readily with SO 2 and with NO 2 . We demonstrate that anti-CH 3 CHOO is substantially more reactive toward water and SO 2 than is syn-CH 3 CHOO. Reaction with water may dominate tropospheric removal of Criegee intermediates and determine their atmospheric concentration. An upper limit is obtained for the reaction of syn-CH 3 CHOO with water, and the rate constant for reaction of anti-CH 3 CHOO with water is measured as 1.0 × 10 −14 T 0.4 × 10 −14 centimeter 3 second −1
.
O zonolysis of alkenes is generally understood to proceed via a 1,3-cycloaddition of ozone across the olefinic bond to produce a primary ozonide, the decomposition of which forms a carbonyl moiety and a Criegee intermediate (CI) (1) . The fate of the CI determines the end products of the ozonolysis reaction and can have a substantial impact on the atmosphere (1) (2) (3) (4) . Recently, the simplest CI, CH 2 OO, has been directly produced in the gas phase with low internal energies from reaction of O 2 with CH 3 SOCH 2 (5, 6) or CH 2 I (4, 7, 8) and unambiguously detected by tunable synchrotron or laser photoionization mass spectrometry. These techniques allowed direct measurements of the reaction kinetics of CH 2 OO with several important tropospheric species, including SO 2 and NO 2 , both of which react much faster with CH 2 OO than models had assumed (4) . Since those direct measurements appeared, new high-level calculations (9), field measurements (10), and ozonolysis experiments (10) (11) (12) continue to suggest that CI reactions are important in tropospheric sulfate chemistry. However, substantial uncertainty remains, partly because of the absence of direct kinetic measurements of any larger CI and partly because of uncertainty in the products of CI reactions. Moreover, the reactivity of larger CIs is predicted to be affected by the nature and location of the substituents (13), with a particularly large effect for the crucial reaction of CI with water (13, 14) . Because of the large amount of water in Earth's atmosphere, the rate of CI removal by water is a key determinant of the tropospheric impact of all CI reactions. Determining the conformer dependence of CI reactions is therefore not only a vital aspect of understanding their fundamental reactivity, it is also a key component for improving atmospheric chemistry models.
We have successfully extended our earlier technique of reacting a-iodoalkyl radicals with O 2 to prepare CIs (4, 7, 15) , and here we show that the reaction of the 1-iodoethyl radical (CH 3 CHI) with O 2 forms both conformers of the CI acetaldehyde oxide (CH 3 CHOO) at 298 K and 4 torr. The conformers of acetaldehyde oxide, syn-CH 3 CHOO and anti-CH 3 CHOO, differ in the orientation of the C-O-O group (depicted in Fig. 1 ). By taking advantage of the difference in ionization energy of the two conformers, we demonstrate a dramatic conformer dependence of CH 3 CHOO reactivity toward SO 2 and H 2 O.
Kinetic measurements were carried out in the Multiplexed Chemical Kinetics Reactor, which has been described in detail elsewhere (4, 16, 17) . Reactions are initiated by pulsed laser photolysis in a slow-flow reactor. The contents are continuously sampled through a small orifice in the reactor and probed by photoionization time-of-flight mass spectrometry. Ionizing with tunable photon energy, from the Chemical Dynamics Beamline (9.0.2) of the Advanced Light Source, allows isomers to be distinguished on the basis of their photoionization spectra (17) (18) (19) . The reaction of CH 3 CHI with O 2 shows similar behavior to the reaction of CH 2 I with O 2 , with the most prominent products being the stabilized CI. (CH 3 CHOO), an I atom, and secondary products IO and HOI. (A time-resolved mass spectrum of the reaction initiated by photolysis of CH 3 CHI 2 in the presence of oxygen is displayed in fig. S2 .)
The mass/charge (m/z) = 60 signal is identified as the CI, acetaldehyde oxide, on the basis of its exact mass and a comparison of its photoionization spectrum with a predicted spectrum derived from ab initio calculations (19) of both the adiabatic ionization energy (AIE) and FranckCondon factors for photoionization of both conformers of CH 3 CHOO, as shown in Fig. 1 . Detailed results of these calculations are given in the supplementary text.
Calculations place the syn conformer~15 kJ mol −1 lower in energy than anti-CH 3 CHOO (14) . Reflecting the zwitterionic character of the C-O bond, the barrier to interconversion of these conformers is substantial (14) ,~160 kJ mol . Therefore, syn-and anti-CH 3 CHOO act as distinct chemical species at atmospheric temperatures. The syn and anti conformers of CH 3 CHOO also have different photoionization spectra. In the threshold region, each conformer has ionization transitions to both A″ and A′ cationic states, and the S4 ). Allowing a small adjustment to the computed ionization energies for each conformer gives a very close fit to the observed spectrum (Fig. 1) . The low-energy edge of the spectrum is dominated by the anti conformer, which can be detected below the ionization energy of the syn conformer. Assuming that the electronic transition moments for the two conformers are similar, the fit parameters suggest a far larger overall production (90%) of the more stable syn conformer. The signals observed at higher ionizing photon energies will be dominated by photoionization of syn-CH 3 CHOO (supplementary text). The two conformers are independently detected, but their ratio is not varied in these experiments.
Acetaldehyde oxide has several other isomers (scheme S1), most of which have ionization energies well above the threshold observed for the m/z = 60 product of the reaction of CH 3 CHI with O 2 , including acetic acid, the AIE of which is 10.70 eV, and methyl formate, with an AIE of 10.85 eV (20) . Only vinyl hydroperoxide has a low enough calculated AIE, 9.18 eV, to be considered as a carrier for the m/z = 60 product spectrum. However, the predicted ionization onset and FranckCondon envelope of vinyl hydroperoxide ( Fig. 1 ) is not consistent with the observed spectrum.
Vinyl hydroperoxide is calculated to be the dominant product of isomerization from syn-CH 3 CHOO, with a calculated barrier to isomerization of >80 kJ mol −1 (21) . [Isomerization of anti-CH 3 CHOO is more likely to lead to methyl dioxirane (21) , with a calculated AIE of 10.36 eV.] The O-O bond in vinyl hydroperoxide is weak (22) , and fission of that bond is a pathway to formation of OH in ozonolysis reactions (23) . In fact, recent multireference calculations predict extremely rapid dissociation of vinyl hydroperoxide after isomerization from CH 3 CHOO (24).
The first-order decay rate of CH 3 CHOO in the absence of additional reactants is the sum of unimolecular and heterogeneous loss reactions. The decay depends on the coating of the reactor, suggesting that heterogeneous reaction contributes substantially. The slowest decay observed in this context,~250 s −1
, is an upper limit to the thermal (298 K) rate coefficient for decomposition of CH 3 CHOO, consistent with the determination of 76 s −1 by Fenske et al. (25) . Upon adding SO 2 or NO 2 as reagent, the decay of the CH 3 CHOO signal becomes more rapid (shown in Fig. 2 for SO 2 reaction with CH 3 CHOO). A linear fit of the decay constant versus reactant concentration measured at photon energies where photoionization of the syn conformer dominates (Fig. 3 and fig. S5 ) returns as its slope k 1,syn , the second-order rate coefficient for the reaction of syn-CH 3 CHOO with SO 2 (uncertainty limits are 95%):
A similar plot measured with 9.37-eV photons, where photoionization of the anti-CH 3 CHOO
conformer dominates (open symbols in Fig. 3) , yields a rate coefficient more than twice as large,
Similar measurements on the overall reaction of syn-and anti-CH 3 CHOO with NO 2 (described in supplementary text) suffer from reduced signal-to-noise ratio but show a rate coefficient of 2 × 10
, with a slight (statistically significant at 1s confidence interval) conformer dependence. This rate coefficient is substantially smaller than that for CH 2 OO reacting with NO 2 , k(CH 2 OO + NO 2 ) = 7 × 10 −12 cm 3 s −1 (4). The rapid reaction of CH 3 CHOO with SO 2 supports predictions of barrierless addition of SO 2 to CI (9, 26, 27) and indicates that the reactions of CI with SO 2 should be generally facile. The substantial difference in reactivity between synand and anti-CH 3 CHOO may partly reflect increased steric hindrance for formation of the CI-SO 2 secondary ozonide in the syn conformation or conformer-selective electron donating effects from the methyl group, as theoretically described, for example, in the CH 3 ] (4), but that for anti-CH 3 CHOO is larger. Both are orders of magnitude larger than estimates typically used in tropospheric models (28) .
Measurements have also been carried out at higher ionizing photon energies (13 eV), where . However, the reaction of water with CH 3 CHOO is predicted to favor the anti conformer by five orders of magnitude (13) , and indeed (Fig. 1) showed an identical decay to those with no added water, suggesting similar upper limits for the reaction of water with syn-CH 3 CHOO and with CH 2 OO: 4 × 10 −15 cm 3 s −1 (4). However, a significant and systematic increase in the decay rate with water addition was observed for measurements with 9.37-eV photons (Fig. 4) . In any case, the rate coefficient is substantially larger than that calculated for other CI reactions with water and tends to validate the theoretical prediction of a dramatic lowering of the activation energy for the anti conformer (13, 14) . Because the reaction is predicted to proceed by stabilization (supplementary text), it is possible that the rate coefficient is pressure dependent. Master-equation calculations, including accurate treatment of the association kinetics, would give the most rigorous comparison for the present experiments.
We emphasize that the low-pressure rate coefficients measured here for reactions of the CIs with SO 2 , NO 2 , and water are lower limits for the total removal of CI by these species at the higher pressures of the troposphere or laboratory ozonolysis experiments. Furthermore, even in cases where the CI removal is independent of pressure, the products may change substantially with pressure (9) . Interpretation of indirect measurement of CI reactions often depends on product detection and on derived yields of stabilized CI in ozonolysis that are in turn based on inferences about CI scavenger reactions. Apparent discrepancies among indirect determinations, for example, for reactions of CI with SO 2 (10) (11) (12) , may be related to that web of inference. The present measurements break the connection to ozonolysis, directly producing stabilized CIs in a nearly thermoneutral reaction, characterizing the Criegee reactant by its photoionization spectrum, and determining absolute rate constants by pseudofirst-order kinetics methods. Comparing indirect measurements to the present direct kinetics determinations may therefore provide a means to refine the detailed modeling of ozonolysis.
Moreover, computed rate coefficients for substituted CI calculated by state-of-the-art quantum chemistry and advanced theoretical kinetics (9, 30) will be of increasing importance in the development of chemical models for complex systems such as atmospheric chemistry. The present results are a benchmark for such calculations and will enable a more rigorous understanding of CI chemistry and a more accurate description of the role of CI in the troposphere. C omplex organic molecules produced by bacteria have been used to treat numerous disease types for nearly a century (1-4). However, many naturally derived compounds that exhibit interesting bioactivities are practically inaccessible via synthetic organic chemistry. A natural product's structural complexity can create an insurmountable impediment to the preparation of analogs that might exhibit improved characteristics. An ongoing challenge in the field of synthetic chemistry is the development of methods that close the gap between the efficiency of biosynthetic machinery and laboratory synthesis. Because of the inherent flexibility of the latter, success in this endeavor could provide access to useful structural variants that might otherwise be inaccessible.
Pactamycin (1; Fig. 1 ) was isolated from Streptomyces pactum var. pactum in 1961 by Argoudelis et al. (5) . The bioactivity profile of this natural product is especially notable, as it displays antitumor, antimicrobial, antiviral, and antiprotozoal properties by acting as a universal inhibitor of translocation (6) (7) (8) (9) . Within the ribosomal subunit in which it interacts, pactamycin mimics an RNA dinucleotide through interactions of its aniline and salicylate moieties with stem loops in the 16S RNA (10) . Unfortunately, pactamycin's therapeutic benefits have yet to be realized, due to high cytotoxicity (median inhibitory concentration of 95 nM against human diploid embryonic cell line MRC-5) (11). Pactamycin is a prototypical example of a promising bioactive natural product whose complexity hampers the investigation of structure-activity relationships (SARs) that might lead to a serviceable therapeutic application and/or a better understanding of intrinsic bioactivity.
Genetic engineering studies have reignited promise for medicinal application, as 7-deoxyand 8″-hydroxy-derivatives were isolated and displayed diminished cytotoxicity (11) (12) (13) (14) . In the context of the work described herein, it is worth noting that Lu et al. contend that the structural complexity of 1 renders these and related structural modifications "inaccessible by synthetic organic chemistry" (12) . Conversely, we have proceeded from the hypothesis that the genetic engineering approach to pactamycin analogs might be inherently limited by the biosynthetic machinery (15, 16) . Though pactamycin is commercially available, a chemical approach to its synthesis could, in principle, provide far greater opportunity and flexibility for discovering and advancing useful compounds. However, this tactic will only be feasible in the presence of an efficient synthesis platform that rapidly develops the appropriate level of structural complexity. In fact, synthetic interest in pactamycin has recently flourished, culminating in the landmark 32-step total synthesis from Hanessian and co-workers (17, 18) , as well as numerous partial synthetic studies (19) (20) (21) (22) (23) . Despite these creative, state-of-the-art approaches, a compelling case can be made that a more practical synthesis solution is needed.
In this Report, we disclose a 15-step total synthesis of pactamycin, which has, in the initial pass, produced the natural product on a milligram scale and a key branch-point intermediate on a gram scale. We emphasized both modular construction and introduction of functionality in the final desired form of pactamycin, enabling an approach amenable to derivatization for analog synthesis. Late-stage introduction of the aniline-and salicylate-binding elements provides an opportunity for future SAR studies.
The recognition of a hidden symmetry in the northeast quadrant of pactamycin (1) was critical to our synthetic plan. Depicted in Fig. 2A , the carbon chain connecting C-4 and C-8 can be extracted to a symmetrical a-ureido-2,4-pentanedione 2. We envisaged simplified formation of the fully substituted C-1 center via a Mannich reaction. Due to the symmetrical methyl ketone substituents at C-1, diastereoselectivity considerations are obviated, allowing for a focus on the enantioselective C-2-amino incorporation during the C-1-C-2 bond construction. The nascent C-2 stereocenter would then need to direct a site-and diastereoselective diketone monoreduction, setting the C-2/C-1/C-7 stereotriad (red dashed arrows in Fig. 2B ). This sequence would provide the entire pactamycin carbon-core skeleton from which modular delivery of various functionality (Fig. 2C) could provide 1 and/or its congeners in rapid fashion.
The first challenge we faced was implementation of the Mannich reaction with an appropriately configured imine electrophile. We were encouraged by results reported by Schaus and co-workers,
